We investigated the sol-gel synthesis process of barium titanate ultrafine particles with using barium hydroxide aqueous solution and titanium alkoxide solution. Emphasis was placed on the relationship between the mixing condition of both solutions and the properties of the particles. A static mixer was used as reactor and the mixing condition was quantitatively characterized by the f low rate of solutions in a static mixer. Mean particle size and the width of size distribution of cubic barium titanate ultrafine particles decreased with increasing f low rate, because the initial concentration of nuclei increased by rapidly mixing the solutions. Since the density of the hydroxyl group in the lattice of cubic barium titanate increased with increasing f low rate, barium titanate had a lattice structure of expanded cubic perovskite.
Introduction
Barium titanate (BaTiO 3 ), which is a typical electronic material, is widely used for multilayer ceramic capacitors because of its high dielectric constant and ferroelectric properties 1)-3) . For the miniaturization and high capacitance of multilayer ceramic capacitors, it is necessary that the particle diameter of BaTiO 3 powders is less than 100 nm and have a narrow size distribution and high purity. The conventional BaTiO 3 powder has been synthesized from a solid phase mixture of barium carbonate and titanium oxide fine powders by high temperature heat treatment. A fine grinding process is needed to prepare fine powder that is less than several hundred nanometers in diameter using this solid phase process. However, because of the contamination from the grinding media and the vessel in the powder and the relatively wide range size distribution of the obtained particles, the abnormal grain growth during sintering 1) and the decrease of electric properties 4) occur easily.
In recent years, many researchers have been working on the new processes for synthesizing ultrafine BaTiO 3 particles from high-purity raw materials, such as sol-gel method 5)-7) , oxalate method 8), 9) and hydrothermal method 10)-12) . Using these processes, it is rather easy to prepare ultrafine BaTiO 3 powder that is less than 100 nm in diameter and uniform in stoichiometric composition and has a single phase. In particular, BaTiO 3 ultrafine particles with several 10 nm in diameter were easily prepared by sol-gel method. Two methods are known of obtaining BaTiO 3 powders, including the mixed alkoxide route and the hydroxide-alkoxide route. The hydroxide-alkoxide route has the merit that BaTiO 3 ultrafine particles are easily prepared with a simple synthesis apparatus and at a low temperature below 100°C 13) .
In the sol-gel synthesis process of fine particles, various researches have been studied on the control of the powder properties such as a composition, a size of particles and their size distribution, by synthetic conditions; a kind of alcoholic solvent, the solution concentration, a mixed method. In particular, many researches on TiO 2 14) and ZrO 2 15) particles have been reported. Only batch techniques have been utilized in the lab for precipitation of narrow-sized particles, because the uniformity of mixing and the concentrations of reactants can be easily controlled. As an industrial process, sequential batch precipitation is generally undesirable because of high operating costs, low production rates and batch-to-batch produce variation. The continuous stirred tank reactor is often used for industrial precipitation of powders. However broad particle size distributions are obtained because of the difficulty of the perfect mixing of solutions and the broad residence time distributions. Therefore, to produce narrow-sized powders continuously, a reactor must have narrow residence time distribution and mix uniformly. Ring et al. developed continuous f low reactors, using a glass-bead-packed bed and a static mixer, for preparation of monodispersed titania particles by the hydrolysis of titanium alkoxide 16, 17) . Ogihara et al. concluded that important factors to prepare narrow-sized powders in sol-gel process were a rapid stirring, an aging at a fixed temperature and the suitable concentration of the solution 18, 19) . The effects of Taylor number and residence time on the particle size, particle size distribution of monodispersed alumina particles by sol-gel process were investigated 20) .
In the sol-gel synthesis process of BaTiO 3 particles, the effect of chemical factors like alkoxide concentrations and a kind of solvents on characteristics of the powders were investigated 21) . A patent 22) of the preparing method with using a static mixer was obtained. However, the effect of the mixing condition of solutions on characteristics of prepared BaTiO 3 powders is rarely reported. The present study focuses on the quantitative relationship between the mixing condition and characteristics of prepared BaTiO 3 powders by the sol-gel synthesis. We used a static mixer as a continuous f low reactor. The effect of a f low rate of the solution in a static mixer on characteristics of the BaTiO 3 powders was investigated.
Experimental

Preparation of BaTiO 3 particles by sol-gel
method BaTiO 3 powder used in the present study was prepared by the sol-gel method. Barium hydroxide octahydrate and titanium tetraisoproxide were used as starting materials for the ultrafine BaTiO 3 powder and were prepared by Wako Pure Chemicals Industries, Japan. Figure 1 illustrates the preparation procedure of ultrafine BaTiO 3 powder. The 0.4M isopropyl alcohol solution of titanium tetraisopropoxide was prepared by diluting the titanium tetraisopropoxide into isopropyl alcohol (nacalai tesque, Japan). The 0.2M barium hydroxide aqueous solution was prepared by mixing the barium hydroxide octahydrate, the distilled water and 12N sodium hydroxide solution (Wako Pure Chemicals Industries, Japan). Additive content of sodium hydroxide was four times of titanium in molar.
A schematic diagram of a synthesis apparatus is shown in Figure 2 . The apparatus consists of two reservoirs of starting solutions, pumps, Tef lon tubes, 250 mm-long Tef lon static mixers (Kenics Type N60, Noritake Co., Limited) with 12 steps and a reservoir for aging of BaTiO 3 suspension. The inner diameter of static mixers is 13 mm.
The temperature of barium hydroxide aqueous solution with sodium hydroxide was kept at 80°C with stirring. In order to prevent the generation of BaCO 3 by the reaction between barium hydroxide in solution and CO 2 in air, the nitrogen gas was blown into the solution for 10 min and CO 2 was purged.
The two reactant solutions were introduced to a static mixer by the pump at equal flow rates, and were mixed in a static mixer. The amount of isopropyl alcohol solution of titanium tetraisopropoxide for barium hydroxide aqueous solution was adjusted so that the molar ratio of Ba/Ti would be equal to 1.02. The stoichiometric composition of BaTiO 3 was 1.00. The excess barium hydroxide was added, in order to compensate the unreacted barium ions removed by filtering. Samples of BaTiO 3 suspension were collected in the reservoir and aged with heating to keep above 80°C. After aging for 60 min, BaTiO 3 suspension was filtered by a centrifugal separator and washed with deionized water three times to remove sodium ions in the filtered cake. This filtered cake was dried at 100°C for 12 h.
Quantification of the mixing condition
The f low rate of solutions in a static mixer was used as an index of mixing condition of barium hydroxide aqueous solution and isopropyl alcohol solution of titanium tetraisopropoxide. The f low rate was determined by the volume of starting solutions, the time for introducing the whole starting solution to a static mixer, and an area of cross section of a static mixer. The f low rate was 0.12-1.24 m/s and the relationship between the f low rate and characteristics of obtained powders was investigated.
Characterization of the prepared particles
The powder characteristics of the obtained BaTiO 3 by sol-gel process were measured by the following method. The size and the shape of the particles were observed using field emission scanning electron microscopy (FE-SEM: JSM-6340F, JEOL). To evaluate the size distribution of the particles, Feret's diameter was measured by an image analysis of SEM micrographs. In microscopy, Feret's diameter is the measured distance between parallel lines that are tangent to an object's profile and perpendicular to the ocular scale. The number of the particles for measuring the particle size distribution was 75-109. The crystalline phase was identified by X-ray diffraction (RAD-RX, Rigaku) and the lattice parameter of BaTiO 3 was calculated by Rietveld analysis. The specific surface area of the powders was measured by nitrogen gas adsorption (single-point BET method). The weight loss of the particles and the gas generated with heating were measured with Thermogravimetry / Mass Spectrometry (TG-MS). Hydroxide groups in the particles heated at various temperatures were measured by using a Fourier transform infrared spectrometer (FT-IR : Magna 750, Nicolet).
Results
Effect of aging time on powder properties
To determine an aging time of suspension prepared by mixing barium hydroxide aqueous solution and the isopropyl alcohol solution of titanium tetraisopropoxide, the relationship between the aging time and the powder properties was investigated. The f low rate was 0.73 m/s. The specific surface area and the Ba/Ti molar ratio of prepared BaTiO 3 particles at different aging time are shown in Figure 3 . The specific surface area of prepared particles decreases with an increase of aging time and was almost constant at 40-60 min. The decrease in the specific surface area suggested the elimination of an alkoxide-derived amorphous TiO 2 gel by reaction with barium ion. On the other hand, the Ba/Ti molar ratio was almost constant when an aging time was longer than 20 min. From these results, an aging time was fixed at 60 min. mixer at various f low rates were determined by X-ray f luorescence analysis and nitrogen gas adsorption method, respectively. These results are shown in Figure 4 . The specific surface area of BaTiO 3 parti-cles increased with increasing f low rate. The relationship between the flow rate and Ba/Ti molar ratio is described later. SEM micrographs of powders synthesized at various f low rates are shown in Figure 5 . BaTiO 3 ultrafine particles with several 10 nm in diameter were obtained in all cases and the particle size decreased with an increase of the f low rate. Figure 6 shows the size distribution of BaTiO 3 particles at various flow rates. Particles for the f low rate up to 0.28 m/s showed a bimodal particle size distribution. Large and small particles were about 90 nm and 50 nm, respectively. The peak intensity of large particles decreased with increasing f low rate and the peak at 70 nm appeared. The decrease in average particle size and the narrow size distribution were observed with increasing in f low rate. 
Effects of the flow rate on the specific surface area and the particle size
Effects of the flow rate on the composition, cr ystal phase and thermal properties of
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shown in Fig. 4 . The Ba/Ti molar ratio was almost 1.0, that is a stoichiometric composition of BaTiO 3 , and was not significantly inf luenced by the f low rate. Figure 7 shows the XRD patterns of synthesized BaTiO 3 powders and the effect of the f low rate on the crystal phase. In all powders, the diffraction peaks of cubic perovskite phase of BaTiO 3 and BaCO 3 were observed. BaCO 3 would be a reactant between barium ions in the solution and CO 2 gas in air. The peak intensity of BaCO 3 was not inf luenced by the flow rate. Although a small amount of BaCO 3 was observed in BaTiO 3 particles, no peaks of unreacting titanium compound was detected by XRD analysis. This suggested the formation of the alkoxide-derived TiO 2 gel in the synthesis process of BaTiO 3 . Figure 8 shows the lattice parameters of prepared BaTiO 3 as a function of the f low rate. The lattice parameter of cubic BaTiO 3 increased with an increase in f low rate.
BaTiO 3 particles at various flow rates were analyzed by thermogravimetry and the results are shown in Figure 9 . The weight loss of particles increased with increasing flow rate and was performed in the following four steps: (1) room temperature-150°C, (2) 150°C-300°C, (3) 300°C-750°C, and (4) above 750°C. To investigate the cause of the weight loss, gases generated with heating were identified by TG-MS. Gases 
(2)
cubic BaTiO3 BaCO3 were determined to H 2 O (m/z҃18) and CO 2 (m/z҃ 44) by measuring the relative mass to charge ratios (m/z). Figure 10 shows the ion chromatogram of the particles obtained by mixing solutions at the flow rate of 1.24 m/s. H 2 O was detected in the next three temperature regions: (1) below 130°C, (2) 130°C-300°C, and (3) 300°C-700°C. CO 2 was detected in the temperature range between 740°C and 900°C. This result was in agreement with the result of TGA as shown in Fig. 9 . These experimental results indicate that the weight losses in the first step and the fourth step are attributed to the dehydration of the physically adsorbed water and the thermal decomposition of BaCO 3 , respectively. The cause of the weight losses in the second step and the third step, possibly attributed to the chemically adsorbed hydroxyl groups, was investigated later. Figure 11 shows the effect of the f low rate on the weight loss of BaTiO 3 particles with heating. The weight loss in the first step, attributed to the surfaceadsorbed water, increased with an increase in the f low rate, because of an increase in the specific surface area of the particles as shown in Fig. 4 . The weight loss in the second step was increased with an increase in the f low rate. In the third step and the fourth step, attributed to the thermal decomposition of a very small amount of BaCO 3 , on the other hand, no significant relationship between the weight loss and the f low rate was observed. Figure 12 shows FT-IR spectra of BaTiO 3 particles (f low rate҃1.24 m/s), heated isothermally at temperatures between 300°C and 900°C for 60 min. A small sharp shoulder band at around 3500 cm Ҁ1 and a large broad band at around 3400 cm Ҁ1 were assigned to the stretching vibration of the lattice hydroxyl group and the stretching vibration of the surface-adsorbed hydroxyl group, respectively 24) . Both absorption bands 182 KONA were observed for the as-prepared sample, but were decreased suddenly by the thermal treatment at 300°C for 60 min. A large broad band attributed to the surface-adsorbed hydroxyl group remained at higher temperature. No hydroxyl groups in the sample heated at 900°C were observed. From the results of TGA ( Fig. 9) and TG-MS (Fig. 10) , the rapid weight loss at low temperature region was mainly attributed to the dehydration of the lattice hydroxyl group in BaTiO 3 .
Discussion
BaTiO 3 particles with different powder characteristics were prepared by mixing barium hydroxide aqueous solution and isopropyl alcohol solution of titanium tetraisopropoxide at various flow rates. In this section, the relationship between the flow rate and the powder characteristics was studied.
BaTiO 3 particles with small size and narrow size distribution were prepared by an increase of the flow rate, as shown in Fig. 6 . This phenomenon can be explained by the mechanism of the nucleation and the growth of nanoparticles. The basic model to explain the mechanism of the formation of fine and monodispersed particles with liquid phase process was proposed by LaMer and Dinegar 23) . Generally, the formation of nanoparticles from the solution involves two processes: the nucleation and growth of nuclei. It is known that rapid nucleation relative to the growth results in small and monodispersed particle size. If the nucleation occurs as the solution concentrates, the solution must be diluted rapidly below the minimum concentration of nucleation to prepare the monodispersed particles. There are two approaches to synthesize the particles under such condition. One approach is that a solution is kept at about the minimum concentration of nucleation. If the solute in a solution is consumed by the formation of nuclei, the concentration decreases below the minimum concentration of nucleation and no nucleation can occur. Another approach is a forcible decrease of concentration by addition of the solvent. Generally, the former is used for producing monodispersed particles. In the present study, the fast f low rate increased the number of reaction fields between barium ions and titanium ions in the solution, so that the initial concentration of nucleation increased rapidly. Therefore, the particle size of obtained BaTiO 3 particles decreased with increasing f low rate. Moreover, since the molar ratio of H 2 O to titanium tetraisopropoxide was about 300, the solution was diluted and the concentration of alkoxide in solution decreased rapidly when the solutions were mixed. Therefore, the rapid f low rate resulted in the formation of BaTiO 3 ultrafine particles with the small size and the narrow size distribution.
Effects of the f low rate on the lattice constant of cubic-BaTiO 3 and the weight loss with heating were studied. In the wet synthesis process of particles, the lattice defects due to the hydroxyl groups incorporated in the perovskite lattice is also detected. In the hydrothermal synthesis process of BaTiO 3 particles, the formation of the cation vacancies, due to the incorporation of the hydroxyl groups in the crystal lattice, is reported 11) . Two kinds of hydroxyl groups in the BaTiO 3 particles were composed of the surfaceadsorbed hydroxyl group and the lattice hydroxyl group 24) . In general, the surface-adsorbed hydroxyl groups have various bonding energies with the surface because of their adsorption on several surface sites with different coordination numbers, while the lattice hydroxyl groups have only specific bonding energy in BaTiO 3 lattice. Therefore, the surfaceadsorbed hydroxyl groups were desorbed gradually over the wide temperature range from room temperature to 600°C and the lattice hydroxyl groups desorbed over the narrow temperature range from 300°C to 400°C. Consequently, the weight losses in the second and third steps, as shown in Fig. 9 , are mainly due to the lattice hydroxyl groups and the surfaceadsorbed hydroxyl groups, respectively. As shown in Fig. 11 , the weight loss in the second step, which was assigned to the lattice hydroxyl groups, increased with increasing flow rate, indicating the amount of the lattice hydroxyl groups can be controlled by the mixing condition. As the lattice hydroxyl groups were desorbed with heating, unit cell volume of cubic-BaTiO 3 decreased, as reported by Hennings et al 11) . and Wada et al. 24) . This decrease in unit cell volume is explained by the increase of the Coulomb attractive forces between ions controlling ionic bonding strength. The lattice hydroxyl group OH Ҁ in the BaTiO 3 can exist as substitutional in the lattice position of oxygen O 2Ҁ . Therefore the presence of cation vacancies is required in order to satisfy the electroneutrality condition in the particles. The increase of cation vacancies reduced the Coulomb attractive force and result in an enlargement of BaTiO 3 unit cell. Consequently, the lattice constant decreased with an increase of the temperature, by desorbing the lattice hydroxyl groups. Figure 13 shows the variation in the unit cell volume of cubic-BaTiO 3 heated at various temperatures between room temperature and 800°C. The unit cell volume was calculated from the lattice constants determined by XRD analysis. The crystalline structure of BaTiO 3 particles was cubic perovskite in this temperature range. The lattice constant decreased with an increase of annealing temperature, particularly decreased rapidly near 300°C at which the lattice hydroxide groups desorbed. Therefore, unit cell volume of BaTiO 3 particles in the present study was enlarged also by the hydroxyl groups introduced into the lattice. By an increase in the f low rate of solutions, barium hydroxide aqueous solution and isopropyl alcohol of titanium tetraisopropoxide, the amount of the hydroxide groups incorporated to the crystal lattice was increased, so that the unit cell of cubic-BaTiO 3 was enlarged. On the other hand, the lattice constant decreased slightly in the temperature range above 300°C, because the lattice defects decreased gradually by diffusion of ions with heating.
Conclusion
We investigated the sol-gel synthesis process of barium titanate ultrafine particles with using barium hydroxide aqueous solution and isopropyl alcohol solution of titanium tetraisopropoxide. Emphasis was placed on the relationship between mixing condition of both solutions and the properties of the particles. A static mixer was used as a reactor and the mixing condition was quantitatively characterized by flow rate of solution in a static mixer. Summary was as follows.
(1) The mixing condition (҃f low rate) had no inf luence on the composition of BaTiO 3 ultrafine particles prepared by sol-gel method.
(2) BaTiO 3 particles with small size and narrow size distribution were prepared by an increase of the flow rate. The fast f low rate increased the number of reaction fields between barium ions and titanium ions in solution, so that the initial concentration of nucleation increased rapidly and the particles size decreased with the f low rate. Moreover, the rapid dilution of solution resulted in the formation of BaTiO 3 ultrafine particles with the small size and the narrow size distribution.
(3) The lattice parameter of cubic BaTiO 3 increased with an increase in the f low rate. By an increase in the f low rate of solutions, the amount of the hydroxide groups incorporated to the crystal lattice was increased, so that the unit cell of cubic-BaTiO 3 was enlarged. 
